Chemical composition and textures of clinopyroxene phenocrysts from Księginki nephelinite record complex history of melt reacting with mantle rocks and "in situ" crystallisation of the melt.
Introduction
Alkaline lavas marking the initial stages of continental rifting originate typically owing to low-degree melting of lithospheric and asthenospheric protoliths. Their chemical characteristics provides good, albeit indirect, information on the chemical and mineral composition of their source region. Alkaline lavas, when passing through the lithospheric mantle, entrain its fragments in the form of xenoliths. The latter enable worldwide and directrock sample based -characterisation of the subcontinental lithospheric mantle (e.g. Downes, 2001 ; Downes et al., 2003; Puziewicz et al., 2015) . The lavas born in the mantle move fast to the surface during eruption and their heat loss is usually small. The lava migrating isothermally upwards is shifting outside the liquidus in the P-T diagram; thus it will not crystallise until eruption (Morse, 1980) . However, if the migration is connected with cooling, the lava can contain crystals formed at significant depth, which potentially are a good source of information on the P-T path of host lava when it moved from its source to the Earth's surface and its concomitant chemical evolution.
Crystals forming volcanic rock record chemical evolution of the parental magma in the mantle as well as during its ascend to the Earth's surface. Large amount of information on the evolution of magma is recorded by phenocrysts -larger crystals embedded in finer-grained matrix. Depending on the origin, the phenocrysts are classified as phenocrysts sensu stricto (growing in situ in the host magma), antecrysts (growing in magma which is genetically related with the host magma) and xenocrysts (having no relation to the host magma; Streck, 2008) . Clinopyroxene and olivine are liquidus phases in the sodic alkaline magmas (olivine nephelinites and basanites; Bultitude & Green, 1971 ) under pressures typical of mantle spinel facies peridotites. Clinopyroxene, because of its great chemical variability, is supposedly the best source of information on the host magma evolution. In order to understand what kind of information can be extracted from this mineral, we have studied the clinopyroxene phenocrysts from the Cenozoic Księginki nephelinite in SW Poland. The nephelinite is rich in mantle peridotite and pyroxenite xenoliths (Puziewicz et al., 2011), in which fragmentation introduced the xenocrystic material in the erupting lava, so the studied clinopyroxene population consists of both pheno-and xenocrysts.
Geological background
The Księginki nephelinite is one of the numerous Cenozoic alkaline lava occurrences forming the Central European Volcanic Province (CEVP; Wimmenauer, 1974) . The volcanic rocks of the eastern part of the CEVP are concentrated in the Eger (Ohře) Rift in the western part of the Bohemian Massif ( Figure 1A ). The central part of the Rift is visible in morphology as the Eger Graben (Ulrych et al., 2011 and references therein), whereas the NE prolongation of the Rift (behind the Lusatian Fault) is less pronounced in the terrain, mainly because of lesser uplift of the graben shoulders in this part of the rift (Aleksandrowski and Badura, 2013 ). The nephelinite lavas described in this paper are exposed in the Księginki quarry near Lubań Śląski (SW Poland; Figure 1B ). They are probably remnants of a larger lava cover, now represented by isolated outcrops of rocks with similar composition in the surrounding of Lubań (Księginki, Bukowa Hill, Liściasta Hill, Kamienna Hill, Ostróżek Hill and Zaręba quarries, Figure 1B ). Their basement is formed of the early Paleozoic Kaczawa Metamorphic Complex, overlain by Paleocene-Miocene sedimentary rocks (Berezowski, 1956 ). The Księginki lavas lie on the Ordovician phyllites and the Miocene clays (Birkenmajer et al., 2011 and references therein). The lavas are of Paleogene age, and their K-Ar ages vary from 25 to 29 Ma with the exception of Księginki, dated at 35 Ma (Birkenmajer et al., 2011) . The latter age is, probably, erroneous, which is suggested by strikingly low content of 40 Ar rad (Birkenmajer et al., 2011) . The Księginki quarry exposes three lava flows, separated by tuffs and volcanic conglomerates (Kozłowski & Parachoniak, 1960) . The upper flow is the largest one. The middle and the lowest flows are discontinuous and supposedly filled the local morphological depressions; the upper surface of the uppermost lava flow has erosional contact with Pleistocene fluvioglacial sediments (Op. Cit.). Berezowski, 1956 
Analytical methods, sampling, terminology
Our study is based on careful examination of the major element chemical composition of clinopyroxene phenocrysts by means of electron microprobe. We used the Cameca SX 100 machine at Department of Lithospheric Research at the University of Vienna, Austria, working under standard conditions (acceleration voltage is15 kV, sample current is15 nA, counting time is 10 or 20 s, natural silicates and synthetic oxides as standards, PAP correction procedure). Counting time was lengthened up to 40 s to improve detection limits for Ni and Ca. The studied nephelinite samples were collected in different parts of the operating Księginki quarry. Six samples were collected in 2005 in the deepest (at that time) part of the quarry, from the nephelinite part rich in mantle xenoliths. Another five samples were collected in 2011 from the third and the second exploitation levels of the quarry. The samples from the third level come from two places separated from each other by a thin horizon of a pyroclastic material. One or two thin sections have been prepared from each sample. The aim of this study is to describe all the textural and chemical types of phenocrysts in the Księginki nephelinite. No detailed statistical measurements were done for frequency of occurrence or crystal size distribution of different types of phenocrysts. Clinopyroxenes are classified after Morimoto (1989) . The 'Fo' abbreviation stands for percentage content of forsterite in olivine and was calculated as Mg/(Mg + Fe tot )*100%. Similarly, "mg#" (magnesium number) was calculated as Mg/(Mg + Fe tot ), whilst abbreviation 'pfu' stands for (atoms of element) per formula unit.
Nephelinite
The Księginki nephelinite is composed of clinopyroxene and olivine phenocrysts embedded in groundmass comprising clinopyroxene, nepheline and titanomagnetite/ulvöspinel ( Figure 2 (Figure 3 ). As the samples studied by us contained no primary plagioclase, the name nephelinite will be used in this paper.
Chemical and textural variation of clinopyroxene phenocrysts
Clinopyroxene phenocrysts in the Księginki nephelinite show great textural and compositional variation. On the basis of textural and chemical features, we distinguished five types of the phenocrysts (Figure 4) . Type I phenocrysts are usually smaller than 1000 μm, but one ~2000 μm crystal was found. This type has triple structure: the core is anhedral, oval and 150-1000(2000) μm in diameter; it is enveloped by a massive to patchy and spongy subhedral to euhedral mantle (40-100 μm wide; Figure 4A ), which is surrounded by narrow, zoned outer rim (30-60 μm). The massive parts of the mantle occur typically in the proximity of the core. Contact between core and the surrounding mantle is sharp, irregular, ragged or rounded ( Figure 5A ). The core is chemically homogeneous and has composition of a diopside. It is highly magnesian (mg# = 0.93-0.88) and contains relatively little Ti (<0.01 pfu) and Al (0.04-0.16 Al pfu; Tables 2 and  3 ). The Cr (0.004-0.026 Cr pfu), Ca (0.86-0.91 Ca pfu) and Na (0.04-0.07 Na pfu) contents plot between the maximum and minimum values for all the groups (Table 2; Figure 6 ). Additionally, the Cr and Na contents show clear bimodal distributions ( Figure 6B, 6E) . The outer rim of all types of the phenocrysts has almost the same structure and chemical composition. It is two part and consists of more ferrous (mg# = 0.69-0.72) inner zone and more magnesian (mg# = 0.74-0.76) outer zone. Outer rims of smaller phenocrysts (up to 200-400 μm; see type III later in this text) are additionally divided into very thin (up to few micrometres thick) zones differing slightly in magnesium number ( Figures 4C and 5C ). Composition of the mantles varies between those of the cores and the outer rims. Some parts of the mantles correspond chemically to the outer rims of the phenocrysts, but other have more magnesian composition (mg# = ~80-84), contain more Cr (0.009-0.025 apfu) and have variable Na content (0.021-0.059 pfu). The mantles of type I phenocrysts often contain inclusions of spinel, whose composition is close to Fe Table 4 ). Type II phenocrysts are the most common ones. It occurs as subhedral crystals from below 500 μm to over than 2000 μm in length. This type consists of spongy core, which is surrounded by the outer, massive, zoned rim. In bigger grains, the spongy cores are patchy only in proximity to contact with the outer rim (Figure 5B) , whilst in the smaller phenocrysts, the patchy texture covers the whole core. The patchy-spongy marginal parts of the type II cores are enriched in spinel inclusions ( Figure 5B (Tables 2 and 5 ). The patchyspongy parts of the cores have more variable composition. Bright areas in BSE (Back-scattered Electron) image correspond chemically to the outer rims of the phenocrysts, whereas dark areas in BSE image have more magnesian composition, corresponding to the inner parts of the spongy cores (Table 2 and 5) . Type III phenocrysts (usually <200 μm) have patchy or sectorial core (in BSE image), which is enveloped by zoned rim ( Figure 4C (Table 5 ). Patchy textured cores show similar chemical diversity as the mantle parts of the type I phenocrysts. The zonal parts of the cores have chemical composition corresponding to the more magnesian spots in the patchy textured parts of the cores. Type IV phenocrysts texturally resembles type I -it is formed of massive core enveloped by narrow, massive, patchy to zoned rims ( Figure 4D ). But the core parts in type IV have typically composition of augite, whilst in type I, it is diopside. Owing to differences 
Figure 7. Element-element variation diagrams for clinopyroxene phenocryst type I, IVa, and IVb from Księginki nephelinite in comparision to composition of peridotite clinopyroxenite and megacrystes-derived clinopyroxene: (A) Mg/Al relationship; (B) mg#/Cr relationship; (C) mg#/ Ca relationship; (D) mg#/Ti relationship; (E) mg#Na relationship; (F) Ti/Al relationship. Shaded areas for peridotites and clinopyroxenites come from this study, whereas area for megacrysts in drawn based on data from Puziewicz et al. (2011).
in homogeneity of core, the type IV phenocrysts have been divided into two subtypes: IVa and IVb. In the subtype IVa, the core is homogeneous ( Figure 4D ), whereas in the subtype IVb phenocrysts, the cores are patchy ( Figure 4E (Table 2 ).
Discussion
Evolution of magma beneath a volcanic center may be deciphered from bulk rock (major and trace elements) composition of volcanic rock or from composition of mineral phases occurring in the rock. The best results are obtained if the two sources of information are combined (e.g. Neumann et al., 1999; Shaw, 2004) . As for Księginki nephelinite, no significant variation for major elements was noticed in bulk rock composition ( Figure 3 and Table 1 ), only clinopyroxene and olivine phenocrysts can be used as tracers of evolutionary changes. Puziewicz et al., (2011) pointed only slight variability in the composition of olivine phenocrysts; therefore, clinopyroxene seems to be the best carrier of information on the evolution of the nephelinite melt beneath the Księginki volcanic center. History of clinopyroxene crystals in silica undersaturated melt depends on the PT conditions during magma ascent. Experimentally defined line marking the beginning of crystallization of clinopyroxene in the olivine nephelinite has positive slope in the P-T diagram (Bultitude and Green, 1971) ; thus the clinopyroxene phenocrysts that are crystallised from the host magma at higher pressures should be dissolved during adiabatic transport to the surface or if the heat loss was small. Puziewicz et al. (2011) showed that lithospheric mantle beneath the Księginki volcano was subjected to both pervasive and channelised percolation of melt of composition similar to that of the host nephelinite. Crystal accumulation occurred in temporarily stagnant channels, resulting in olivine clinopyroxenites. The subsequent lava pulses entrained these rocks and brought them to the surface as xenoliths. The Księginki nephelinite also contains few centimetres clinopyroxene megacrystals, which were interpreted as high-pressure precipitates from a magma similar to that responsible for origin of olivine clinopyroxenites. Significant load of mantle xenoliths, some reaching 50 cm in diameter (Puziewicz et al., 2011) , infers high velocity of magma ascent, which should result in dissolution of the cognate clinopyroxene. At the same time, part of the numerous peridotite and clinopyroxenitic xenoliths was fragmented, providing xenocrystic material to the melt (Puziewicz et al., 2011) . Therefore, to establish the evolution of Księginki nephelinite, a clear division between xenocryst and possible phenocrysts should be made. An additional information on the relations between different types of phenocrysts can be obtained from estimations of relative pressure of clinopyroxene crystallisation based on the Ti/Al ratio (Dobosi et al., 1991) . This relative 'geobarometer' is based on an observation that Ti enters clinopyroxene lattice in a form of Tschemarkite molecule where the Ti/Al ratio is 1:2. But in higher pressures, additional amount of Al may enter the clinopyroxene lattice also in different molecules (e.g. jadeite, Ca-Tschemarkite), which would decrease the Ti/Al ratio. Therefore, the higher the pressure of crystallisation, the lower the Ti/ Al ratio becomes.
Type I phenocrysts
Type I phenocrysts comprise well-defined core, mantle and outer rim. The cores are formed of highly magnesian and chromian diopside impoverished in Al and Ti. Such characteristic makes the core similar to clinopyroxene occurring in peridotite, particularly dunitic, xenoliths from Księginki ( Figure 7 ) and implies its xenocrystalic nature. The bimodal distribution of the Cr and Na concentrations is probably the effect of the presence of randomly incorporated peridotite xenocrysts into the Księginki nephelinite, which only partially represent the chemical diversity of the clinopyroxene from mantle xenoliths present in this rock ( Figure 7E and 7C). The low Ti/Al ratio (0.015-0.125) points to the highest pressures of crystallisation amongst all the phenocrysts types, which is in agreement with mantle origin of the phenocrysts ( Figure 6, 7) . The cores are anhedral, their contact with the mantle is typically smooth and have a character of dissolution surface formed during a non-equilibrium reaction between the peridotite clinopyroxene and surrounding mafic melt. The dissolution surface was a base of crystallisation of the mantle of the phenocryst. The prima- that could have blurred the Ti/Al ratio, the low-pressure nature of the phenocrysts mantle is equivocal. In the new conditions, the outermost rim is crystallised. The outermost parts of type I phenocrysts, just like that in the other phenocrysts types, closely resembles composition of clinopyroxene forming groundmass in the host nephelinite. This relationship indicates that the outermost rims crystallised directly from the host nephelinite or even from slightly more evolved melt. But, simultaneously with crystallisation of the outer rim, the spongy parts suffered from chemical re-equilibration (by diffusion and possibly recrystallisation) in the new, possibly near-surface conditions resulting in the formation of the lighter areas (in BSE images) of composition similar to that of outer rims and groundmass clinopyroxene. The diffusion was facilitated along pores. Locally, the diffusion processes crossed the dissolution surface bordering core and mantle and reached the xenocrystic core ( Figure 5A ).
Type II phenocrysts
Type II phenocrysts have spongy (sieved) and often patchy cores ( Figures 4B and 5B) . The spongy texture indicates pervasive resorption/melting of the phenocryst, meanwhile patchy zonation suggests diffusional re-equilibration (see discussion for type I phenocryst). Points representing composition of spongy core of the type II phenocrysts are spread on the element-element variation diagrams (Figure 6 ), suggesting that patchy texture results from diffusion of elements between an evolved nephelinite melt and rather primary clinopyroxene. But, amongst this chemical diversity, chemical composition of non-patchy, just spongy, parts of the cores can be distinguished as separated field on the diagrams ( Figure 6 ). The non-patchy cores are significantly enriched in Mg and Cr overlapping with composition of type I and type IVa phenocrysts ( Figures 5 and 6 ), suggesting that the ancestors of type II might have had xenocrystic origin (see discussion on type IV phenocrysts). This is also suggested by generally lower Ti/Al ratio ( Figure 6 and Table 2 ) resulting from higher pressure of crystallisation. On the other hand, differences in texture (spongy vs. massive) between types I/IV and II and frequency of occurrence (type II is far more common than any other type) strongly suggest that type II is not xenocrystic. Therefore, we suggest that type II phenocrysts are rather cognate from a primary mafic melt, possibly ancestor of the host nephelinite. Further reaction between the phenocrysts and more evolved nephelinite resulted in spongy (less advanced reaction) and spongy-patchy (more advanced reaction) nature of cores of type II phenocrysts.
Type III phenocrysts
The type III phenocrysts have patchy cores with sector zonation. Origin of the patchy areas has been discussed earlier, whilst sectorial texture in phenocrysts may result either from crystallisation in free spaces of skeletal crystals or from diffusional re-equilibration of crystals (Streck, 2008) . A criterium to distinguish between the two possible origins is character of contact between 'sector/ patches': progressive contact is characteristic of diffusional reequilibration, meanwhile sharp contact marks filling the spaces in skeletal crystals (Streck, 2008) . In the type III phenocryst, both the types of contacts occur ( Figure 3C ). This suggests that this type of phenocrysts may record the two types of reaction: the diffusional re-equilibration which is recorded in outer, patchy parts of cores, whilst crystallisation between branches of skeletal crystals is visible in core parts, where contact between 'light' and 'dark' zones is sharp. Chemical composition of the darker, Fe-poorer parts of type III phenocrysts corresponds to the patchy-spongy parts of the type II phenocrysts cores (Figure 6 ), which suggests that they could have crystallised or be reworked in similar conditions. Especially, similar spread of Ti/Al ratio values points to analogues with type II patchy-spongy cores pressure of crystallisation. The composition of 'light' parts is identical to that of outer rims in all the 
Type IV phenocrysts
Cores of phenocrysts of subtype IVa are texturally homogenous. It is rich in Mg (mg# = 0.82-0.87), which makes it similar to xenocrystalic core of type I phenocrysts. But, as shown in Figure 7 , composition of type IVa phenocrysts differs from that of peridotite origin by lower mg# and, inter alia, lower Ca content. On the other hand, it mimics the composition of clinopyroxene forming pyroxenitic suite of xenoliths and/or megacrysts. But, based on the high Cr content in the phenocrysts, we suggest that xenocrystalic nature of subgroup IVa results from fragmentation of pyroxenitic xenoliths rather than megacrysts. The similar Ti/Al ratio of the type IVa and type I phenocrysts cores points to similar crystallisation pressures of these xenocrysts ( Figure 6F and Table 2 ). This agrees with resemblance of Ti/Al ratio of clinopyroxenes from peridotite and clinopyroxenite xenoliths, which also points to similar crystallisation pressure of these rocks ( Figure 7F ). Texture of subtype IVb phenocrysts is similar to that of subtype IVa, but its cores are subtly patchy pointing to its chemical heterogeneity. Indeed, chemical composition of IVb cores vary in wide ranges ( Figure 5 ). Its Ti/Al ratio ( Figure 6F ) indicates that it crystallised or re-crystallised in pressures distinctly lower than those of the type IVa or I xenocrystalic cores and it resembles Ti/Al ratio of the type II spongy core. Nevertheless, locally, the composition of cores of subtype IVb is rich in Mg and plots close to that of core of subtype IVa. We, therefore, infer that subtype IVb xenocrystals resulted from relatively long-lasting reaction of subtype IVa phenocrysts with the host alkaline melt. 
Type V phenocrysts
The cores of type V phenocrysts are homogeneous or have sieve texture, but their chemical composition, is more evolved than that of mantle parts ( Table 2) . Production of this type of reverse zoning requires dramatic change of magma composition. As mantle parts in type V crystals are richer in Mg than the nephelinite groundmass, formation of the mantle must have taken place at an early stage of magma evolution. Additionally, the Ti/Al ratios of the type V cores seem to confirm their deep origin ( Figure 6F ), nevertheless, distinctly shallower than that of the peridotite and clinopyroxenite suites ( Figure 7F ). The type V phenocrysts are very scarce, suggesting limited addition of evolved xenocrystic material.
Ca and Na contents
Ca and Na contents in clinopyroxene phenocrysts show negative correlation ( Figure 6C and 6D). Phenocrysts cores of the type IVa and IVb have highest Na and lowest Ca contents, whereas type II spongy cores, light spots in the type III patchy cores, outer rims of all the phenocrysts and clinopyroxene in the rock background have lowest Na and higher Ca content. The highest Na content of type IVa and IVb phenocrysts types can be related to high crystallisation pressure (Dobosi et al., 1991) , which agrees with pressure estimations from low Ti/Al ratios of these types. Nevertheless, this is not always true, for example, in type II spongy cores, low Ti/Al ratio is not supported by high Na content ( Figure 6E, 6F ). Perhaps the low Na content in this case is connected with the removal of this element from clinopyroxene during decompressional melting, which led to spongy appearance of the cores. Similarly, type I homogeneous cores, which have very low Ti/Al ratio (pointing to high crystallisation pressure) does not show up highest Na content ( Figure 6E and 6F). The two latter examples show that Na content in clinopyroxene is not simply related to crystallisation pressure, and other factors also play substantial role in this case.
Nephelinite evolution (conclusions)
The lava which formed the Księginki nephelinite migrated through the lithospheric mantle by the channelised flow, causing metasomatism of the peridotites (Puziewicz et al., 2011) . During this channelised and pervasive flow in the upper mantle at the depth between 35 and 50 km, crystallisation of the clinopyroxenite cumulates took place ( Figure 8 ; Puziewicz et al., 2011) . Both the rocks, peridotites and clinopyroxenites, are represented in the nephelinite by numerous xenoliths. Their fragmentation introduced clinopyroxene xenocryts into the proto-nephelinitic melt. The mantle-derived crystals were in disequilibrium with the Mg-rich, silicate melt. Lack of chemical equilibrium triggered dissolution of the primary crystals, its enveloping by crystallising mantles and resulted in the formation of type I and IVa phenocrysts. As the host magma was continuously evolving, the phenocrystic mantles felt out from the equilibrium and again reacted with the host melt. At this level, a patchy mantles of types I and IVa were formed (Figure 8 ). Chemical and textural similarities between subtypes IVa and IVb suggest that the later represents a further stage of IVa -melt reaction. Type V phenocrysts represent another type of xenocrystic crystals in Księginki nephelinite.
Comparatively, low mg# in core of the phenocrysts suggests its provenance from crustal depths. Type II crystals are precipitates from an unevolved (Mg-rich) mafic melt, most probably related to the host nephelinite. They have started to react (dissolve) with the melt during its ascent, which resulted in the formation of spongy texture (Figure 8 ). This reaction took place at similar pressure as formation of mantles of xenocrysts and was followed by the diffusion in clinopyroxene that continued probably until nearly full solidification of the magma ( Figure 8 ). The spongy-patchy parts of type II phenocrysts are impoverished in Ca compared to spongy-patchy mantles of type I phenocrysts ( Figure 6 ) pointing to the increase in temperature of crystallisation (Brey and Köhler, 1990 ), but we suggest that it is rather an effect of disequilibrium reaction with nephelinite. Type III phenocrysts shares cognate origin with type II, but its formation started at significantly lower pressures. All the types of phenocrysts are enveloped by usually narrow, reversely zoned rim of composition similar to that of clinopyroxene from the groundmass of the host nephelinite. The rims were formed at a very late stage of nephelinite evolution, possibly even after eruption. We suggest that the reverse zoning of the rims (more Mgrich parts encloses more Fe-rich zones) reflects episodes of late crystallisation of titanomagnetite and ülvospinel, which locally impoverished the melt in Fe. A linear change in chemical composition of almost all types of phenocrysts ( Figure 6 ) allows to suspect continuous differentiation of the Księginki nephelinite by fractional crystallisation of clinopyroxene.
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